Introduction
Organic aerosol is a major component of airborne particulate matter that affects human health and global climate. A significant fraction of ambient organic aerosol is often secondary in origin, formed in the atmosphere by gas-to-particle conversion of reaction products of volatile organic compounds (VOCs) emitted from anthropogenic and biogenic sources (Kroll and Seinfeld, 2008) . Traditionally, predictions of secondary organic aerosol (SOA) in atmospheric chemical transport models (CTMs) are mostly based on equilibrium absorption partition theory (Pankow, 1994) , often using parameters from two-product (Odum et al., 1996) fits to laboratory chamber data for SOA yields for a limited number of precursor organic compounds. Lumped or representative species have been used to represent many precursor VOCs and their oxidation products in CTMs (Pandis et al., 1993) . That type of SOA modeling approach has been implemented in many widely-used regional and global CTMs such as the Community Multi-scale Air Quality (CMAQ) model (Carlton et al., 2010) and the GEOS-CHEM model (Liao et al., 2007) .
Although the two-product equilibrium partitioning method can generally reproduce well-controlled laboratory measurements at relatively high SOA levels, simulated SOA concentrations have been universally lower than measured field concentrations (Heald et al., 2005) . The under-prediction has been attributed partially to the fact that the two-product method does not consider photochemical aging of gas precursors or multi-generation formation of SOA products. The volatility basis set (VBS) approach addresses this problem by assuming time dependence of the VBS for the organic compounds (Robinson et al., 2007) . Like the two-product model, however, the VBS approach does not attempt to model detailed products, and the initial volatility distribution of the emissions and products as well as the time-dependence of the VBS due to aging need to be fit from measurements, or guessed. In addition, there are also growing laboratory and field evidence that secondary organic aerosol components are in an amorphous solid state and thus are not in equilibrium with their gas phase semi-volatile precursors (Virtanen et al., 2010) . Current SOA models may have over predicted the evaporation rate and thus lead to under-predictions of SOA (Vaden et al., 2011) .
In parallel with the continued devolvement of lumped approaches in SOA modeling in CTMs, progress has been made in treating individual important SOA precursors and their oxidation products with greater detail as based on new experimental evidence. For example, SOA formation from gas-phase precursors such as dicarbonyls has been included in recent versions of many CTMs (Fu et al., 2008; Volkamer et al., 2007) . More recently, isoprene epoxydiols have been found to be important SOA precursors (Lin et al., 2012b) , and their potential contributions to global SOA have been studied using a three-dimensional (3D) global CTM (Lin et al., 2012a) . Modeling these species usually requires additional modification of existing gas phase mechanisms and to consider reactive surface uptake (Ervens and Volkamer, 2010) .
Another important development in SOA modeling is the use of explicit VOC oxidation mechanisms to represent multistage oxidation. In particular, the physical properties of particular or representative organic model species, such as the saturation vapor pressure (p o L ), can be estimated based on experimental data or molecular structure, allowing explicit calculation of SOA formation. Early computationally limited attempts of this type sought to predict regional SOA using a small number of representative precursor and product species (Griffin et al., 2002b) . More recently, nearexplicit photochemical mechanisms that simulate the formation of individual semi-volatile products from a large number of explicit precursor species have been developed. For example, Madronich and co-workers developed a very detailed near-explicit photochemical mechanism for SOA simulation (Camredon et al., 2007) and applied that in a chemical box model to study SOA formation in Mexico City (Lee-Taylor et al., 2011). Another example of a nearexplicit chemical mechanism is the Master Chemical Mechanism (MCM), which uses~6000 explicit species and~15,000 reactions to represent the multi-step reaction of a large number of primary emitted VOCs in the troposphere (Bloss et al., 2005; Jenkin et al., 1997 . Verification and evaluation of SOA simulations using MCM have been carried out for a number of VOC precursors in box models Johnson et al., 2004 Johnson et al., , 2005 . MCM also has been implemented in Lagrangian models to study the formation of SOA under ambient conditions (Johnson et al., 2006a) . Implementation of MCM in a more general 3D Eulerian modeling framework has not been attempted until recently (Ying and Li, 2011) , and no regional SOA calculation using MCM in a 3D CTM has been reported.
In this study, we describe the formulation of an SOA module and its implementation in the CMAQ-MCM model previously developed by Li et al. (2013) , and the application of the model (termed CMAQ-MCM-SOA hereafter) to study regional SOA in the eastern US during a two-week summer episode in 2006. This is the first time a nearexplicit photochemical mechanism was applied in a regional 3D CTM to simulate SOA formation. Major first and later-generation volatile organic compounds (VOCs) species that form SOA are identified. In addition, contributions to SOA concentrations due to surface uptake of isoprene epoxydiols and dicarbonyls are determined. Model sensitivities due to uncertainties in p o L and activity coefficient in the mixed organic phase (x) are discussed.
Model description
The CMAQ-MCM model described in Ying and Li (2011) does not treat aerosol processes. Li et al. (2013) expanded the CMAQ-MCM to treat inorganic aerosol species using the aerosol module version 5 (AERO5) in CMAQ. In this study, an organic aerosol module was implemented in CMAQ-MCM to simulate SOA formation from the equilibrium partitioning of semi-volatile precursors and from reactive surface uptake of isoprene epoxydiol and dicarbonyls (glyoxal and methylglyoxal). An overview of the CMAQ-MCM-SOA model, including a summary of the MCM v3.2 gas phase mechanism (Bloss et al., 2005; Jenkin et al., , 2012 Saunders et al., 2003) , the host CMAQ model (Byun and Schere, 2006; Foley et al., 2010) and the aerosol processes is included in the Supplementary Material. In the following, treatment of SOA formation from equilibrium partitioning and reactive surface uptake processes is discussed in greater detail.
SOA formation from equilibrium partitioning of SVOCs
The partitioning of an individual SVOC in CMAQ-MCM-SOA is assumed to follow the equilibrium absorption-partitioning theory of Pankow (1994) , as described in Equation (1) 
where C om is the molar concentration of the total aerosol organic matter (mmol m À3 ) and C org * is saturation concentration (mmol m À3 ) with
In CMAQ-MCM-SOA, C om is calculated based on the concentrations of primary organic aerosol (POA), semi-volatile SOA, and nonvolatile accretion products from semi-volatile SOA components:
where M POA and M nvol are mass concentrations of primary and nonvolatile organic aerosol components, respectively. MW POA , MW org and MW nvol are the molecular weights of primary, secondary volatile, and secondary non-volatile organic aerosol components, respectively. Based on mass conservation, the mass concentration of an SVOC in the gas and organic phase can be determined using the total concentration (M tot,i ) using Equations (5) and (6),
Equations (5)e(7) are used to solve the equilibrium partitioning of SVOCs between the gas and organic phases. While many SOA modeling studies using detailed gas-phase mechanisms only allow a relatively small number of lumped products to partition into the organic phase as based on some selection criteria (Lin et al., 2012a) , here all 3414 non-radical organic species produced in the gas-phase MCM are allowed to condense. Note that the term 'SVOC' is being used very broadly here to refer to any compound i with non-zero vapor pressure.
An iteration method (Jacobson et al., 1996) originally used to solve systems of chemical equilibrium reactions was applied to solve iteratively the phase partitioning equilibrium of a large number of species. Briefly, the method requires the solution of the phase partitioning equilibrium, as described by Equations (6) and (7), for one species at time. The partitioning system was solved by iterating all species several times until the concentrations of the species in the om phase and the total concentration C om no longer changed. Convergence for each species was examined based on a combination of absolute and relative error (Jacobson, 1998) :
where E i n is the error for ith species during the nth iteration, R tol is the relative error tolerance and A tol is the absolute error tolerance. For regional simulations using CMAQ-MCM-SOA, the R tol and A tol values were set to 0.01 and 1 Â 10
Convergence was accepted once all E i < 0.1.
p o L values (sub-cooled if necessary) for Equation (4) were estimated using the MPBPVP program, which uses the Modified Grain Method as described by Lyman (Lyman, 1985) and used in the EPI package developed by US EPA (USEPA, 2009) (http://www.epa.gov/ oppt/exposure/pubs/episuitedl.htm). The EPI package has been used in previous modeling applications to estimate SVP (e.g. Na et al., 2006) and has been extensively compared with other methods (McFiggans et al., 2010; Schnitzler and McDonald, 2012) . Temperature dependence of SVP values was included in CMAQ-MCM-SOA using EPI-predicted SVPs at different temperatures followed by fitting to obtain parameters A and B in (Jacobson, 1999) ;
The activity coefficients of the condensed SVOCs in the organic phase were calculated using the UNIversal Functional Activity Coefficient (UNIFAC) method (Fredenslund et al., 1975) . The UNIFAC method implemented in the current model uses the structural groups and energy interaction parameters as collected in the Extended AIM Aerosol Thermodynamics Model (Clegg et al., 2008) (available at http://www.aim.env.uea.ac.uk/aim/info/ UNIFACgroups.html). A structure fragmentation program (Ihlenfeldt, personal communication) was used to determine the UNIFAC structures for the SVOCs based on their Simplified Molecular-Input Line-Entry System (SMILE) strings. A number of species, however, contained groups that cannot be represented the current version of UNIFAC. The nitrate (ONO2) group was replaced with CHNO2 (Chang and Pankow, 2010) , and manual adjustments were applied as needed if a simple move of a eCH 3 , eOOH or other functional group allowed resolution of a structure. Overall, UNIFAC structures for 2105 species were resolved, and the species included in the activity coefficient calculations. Species with assigned structures accounted for 88e96% of the total predicted semi-volatile SOA mass. In the base-case simulation described below, UNIFAC was not enabled, and all activity coefficients were taken as unity; sensitivity in the predicted SOA concentrations due to inclusion of UNIFAC activity calculation is discussed in Section 3.3.2.
As the current model assumes a single organic mixture phase, composition of POA also needs to be assigned. In CMAQ-MCM-SOA, POA emissions are classified into eight categories: n-alkanes (represented by the surrogate species n-nonacosane), polycyclic aromatic hydrocarbons (PAH) (as benzo(ghi)-perylene), oxygenated PAH (as 2,6-naphthalene-diacid), aliphatic monoprotic acids (as octadecanoic acid), aliphatic diacids (as butanedioic acid), substituted monoaromatic compounds (as phthalic acid), cyclic petroleum biomarkers (as 17(a)H-21(b)H-hopane), and unresolved organic matter (as a highly cyclic, saturated, and branched petroleum biomarker) (Griffin et al., 2002a) . More details of the structures and properties of the surrogate species can be found in Table 5b of Pun et al. (2002) . In this study, it is assumed that these species are non-volatile and equally contribute to the predicted POA concentrations. Molecular weights of these species are used in Equation (5) to calculate molar concentrations of POA. A more realistic simulation of speciated POA emissions and their aging in the atmosphere is needed in future studies.
Uptake of isoprene epoxydiol, glyoxal and methylglyoxal
In addition to reversible equilibrium partitioning of SVOCs, formation of non-volatile SOA from isoprene epoxydiol under low-NO x conditions (Paulot et al., 2009) and from glyoxal and methylglyoxal (Ervens and Volkamer, 2010; Volkamer et al., 2007) were assumed to undergo surface-controlled irreversible uptake according to
where A is the aerosol surface area concentration (m 2 m À3 ), g is the reactive uptake coefficient, v is the thermal velocity of the gas molecule (m s À1 ). Molecular formula of SOA products from these such reactions are not known, so the molecular weights of the precursors (118.1 g mol À1 for isoprene epoxydiol, 58.04 g mol À1 for glyoxal and 72.06 g mol À1 for methylglyoxal) were retained for the respective products for use in Equation (5). It is assumed here that aerosols have an aqueous shell surrounding a core that is made up of carbonaceous and insoluble inorganic materials so uptake process occurs on the entire particle surface. This provides an upper limit estimation of the importance of surface uptake, if part of the aerosol surface is not covered with an aqueous layer. Daytime irreversible uptake of glyoxal was modeled using Equation (10) with g glyoxal ¼ 2.9 Â 10 À3 (Fu et al., 2008; Lin et al., 2012a) . The nighttime irreversible uptake was modeled with a surface-area independent rate coefficient of 3.33 Â 10 À4 s À1 (Ervens and Volkamer, 2010) . SOA formation from methylglyoxal was modeled with glyoxal. The approach here follows that of (Ying et al., 2014) for use in a modified CMAQ model using the SAPRC-99 photochemical mechanism to study SOA formation in Mexico City. Although MCM also includes other dicarbonyl compounds which can potentially contribute to SOA formation, they were not considered in this study due to their low concentrations.
Values of the uptake coefficient of isoprene epoxide (g epoxide ) on acid particles have been reported in several previous studies. As no direct measurements of the uptake coefficient of isoprene epoxidiol (g IEPOX ) have been reported, g epoxide was used in this study as an estimation ofg IEPOX . Lal et al. (2012) 
Values of m H þ were predicted using the thermodynamic equilibrium model ISORROPIA (Nenes et al., 1998) .
Results

Model performance evaluation
Model performance of ozone was examined first, as ozone directly affects SOA formation and is a good metric for successful gas-phase mechanism behavior. Diurnal variation of ozone concentrations in several urban, rural, and suburban areas are shown in Fig. S2 . CMAQ-MCM-SOA successfully captured the diurnal and day-to-day patterns. Overall model performance statistics for 1 h and 8 h ozone using data at all stations are given in Table S1 . Fig. S3 compares predicted and observed daily PM 2.5 organic carbon (OC) concentrations for two days. The predicted concentrations are in general spatial agreement with most of the observed values. However, the model performance statistics (Fig. S4(a) ) indicate that OC concentrations at the monitoring sites were underpredicted. As elemental carbon (EC) is under-predicted ( Fig. S4(b) ), it is possible that POA is also under-predicted as they are often coemitted from transportation and combustion sources. The agreement would be better if concentrations of POA at these sites were captured well by the model. Fig. 2 shows the comparison of predicted POA and SOA with hydrocarbon-like organic aerosol (HOA) and oxidized organic aerosol (OOA) measured by an Aerosol Mass Spectrometer (AMS) on top of the Moody Tower at the University of Houston during the Radical and Aerosol Measurement Project (TRAMP) (Cleveland et al., 2012) . Predicted POA generally agrees with the temporal variation of AMS HOA and reproduces the observed morning and evening traffic peaks. Predicted SOA agrees with the AMS OOA values on most of the days, especially on September 1 and 3. Mean fractional bias (the average of the fractional bias for all points; see SI for the definition of fractional bias) values for hourly POA and SOA concentrations over the entire episode were 0.18 and À0.01, respectively. The OOA/HOA ratios were also reproduced well, if assuming OOA and HOA can be represented by SOA and POA, respectively. The predicted dominant SOA component is from irreversible uptake of isoprene epoxydiol, which accounts for an episode-average of 38% (hourly contribution ranges from 24 to 60%) of total SOA concentration. Semi-volatile SOA (12%, 8e20%), accretion products (9%, 6e13%), and SOA from irreversible uptake of glyoxal (13%, 8e20%) and methylglyoxal (27%, 15e35%) are abundant as well.
3.2. Predicted SOA composition and properties 3.2.1. Concentrations of semi-volatile SOA and SOA from surface uptake Fig. 3 shows predicted regional concentration distributions of SOA and its components near the surface. Episode-averaged concentrations of total SOA are approximately 2e12 mg m À3 (Fig. 3(a) ).
Relatively high SOA concentrations in the range of 6e12 mg m
À3
were predicted for southeastern Texas, Louisiana, Mississippi, and southwestern Alabama; interactions between the large amounts of biogenic VOCs emitted in those regions with anthropogenic NO x were responsible. Fig. 3(b) shows that semi-volatile SOA component accounts for approximately 15e20% of the total SOA concentration, with a maximum concentration of approximately 1.8 mg m À3 in southwestern Alabama. The Houston area in Fig. 1 . Relationship between molality of hydrogen ion and uptake coefficient of isoprene epoxide.
southeastern Texas shows relatively high semi-volatile SOA concentrations of 1 mg m À3 . Examination of the semi-volatile SOA composition output indicates that b-caryophyllene was major predicted precursor, in agreement with Zhang and Ying (2011) .
Isoprene epoxydiol formed under low-NO x conditions was predicted to produce significant amount of SOA in the southeastern US (Fig. 3(c) ). The maximum concentration of the SOA predicted to form from this compound was approximately 5 mg m
, about 40e45% of the total SOA in that region. A large contribution of epoxydiol to SOA has been hypothesized recently (33 ± 10% of total SOA at Atlanta, Georgia) using positive matrix factorization of AMS data (Budisulistiorini et al. (2013) ). In our study, the predicted episode-averaged concentration of SOA formed from epoxydiol at Atlanta, Georgia was found to be~1.1 mg m À3 , or 31% of the total SOA. The average particle acidity during the simulation period and the corresponding uptake coefficient g IEPOX are shown in Fig. 4 . The predicted values of g IEPOX reached 1.8 Â 10 À3 in areas with high predicted acidity. In most areas, g IEPOX was predicted to be below 1 Â 10 À3 . These predictions agree with those of Pye et al. (2013) .
Reactive uptake of glyoxal and methylglyoxal were predicted to be very important pathways capable of causing high SOA loading (Fig. 3(d) and (e)). The maximum episode-averaged concentrations of the two SOA source apportioned components were found to be 1.4 and 3.0 mg m À3 , respectively. Their combined contribution accounted for~35% of the total predicted SOA in the southeastern US, and 70% in the northern US. These results are in general agreement with conclusions of the global SOA modeling study of Lin et al. (2012a) which concluded that in North America the highest annual SOA concentration occur in the southeastern US, and that isoprene epoxydiol, glyoxal and methylglyoxal SOA are major contributors to total SOA mass. Glyoxal and methylglyoxal SOA show slightly broader spatial distribution, extending towards north part of the domain. Fig. 3(f) shows that approximately 10% of the total SOA was composed of accretion products, with concentration ranges from 0.2 to 1.2 mg m À3 . The spatial distribution of accretion products was similar to that of semi-volatile SOA components.
Vertical distributions of averaged predicted zonal concentrations of SOA are shown in Fig. 5 . For total SOA, the predicted concentration was highest at around 30 N. Total SOA concentration at 30 N had a maximum concentration of approximately 4.7 mg m À3 near the surface. The concentrations decreased slowly upwards until~2100 m, followed by a rapid decrease above that. For semivolatile SOA (Fig. 5(b) ), the highest concentration occurred at the surface. Dilution and enhanced photo-degradation of peroxides were predicted to reduce the SOA concentrations by more than 30% above 1100 m. SOA formed from isoprene epoxydiol had the highest contribution to total SOA concentrations compared to other components at all levels ( Fig. 5(c) ). It had a relative uniform vertical distribution, keeping approximately 70% of the surface concentration at~1400 m. This distribution pattern was caused by the nonvolatility of products formed from isoprene epoxydiol uptake; these species do not evaporate as they are transported upwards. Glyoxal and methylglyoxal SOA and accretion products are nonvolatile and there was no significant reduction in their concentrations observed within 500 m. However, due to photolysis reactions of glyoxal and methylglyoxal, a decrease of concentration at higher altitude above 520 m was predicted. A wider latitudinal distribution for glyoxal and methylglyoxal is more apparent here, which is consistent with Fig. 3(d) and (e). Fig. 6 shows the regional distribution of episode-averaged column total concentration of major semi-volatile SOA species. Column total was used to reflect better meteorological impacts on SOA away from enhanced surface concentrations. The most abundant species was C132OOH (C 13 H 22 O 5 , see Table S2 for the structures of major semi-volatile SOA species; structures of MCM species can also be obtained directly from the search page of the MCM website http://mcm.leeds.ac.uk/MCM/search.htt), which is a second generation product from b-caryophyllene ozonolysis. The highest column total concentration of this compound was approximately 0.2 mg m À2 and occurred downwind of Houston and Atlanta. The second, third, fourth and sixth highest semi-volatile SOA components BCSOZOOH (C 15 H 26 O 6 , Fig. 6(b) ), C133OOH (C 13 H 22 O 6 , Fig. 6(c) ), INDOOH (C 5 H 11 NO 7 , Fig. 6(d) ) and C133CO (C 13 H 20 O 5 , Fig. 6(f) ) also peaked in areas downwind of major cities. BCSO-ZOOH, C133OOH and C133CO are ozone and OH oxidation products of b-caryophyllene under low-NO x conditions, and INDOOH is a second generation OH oxidation product of isoprene. The direct precursor of INDOOH in MCM is ISOPDNO3, which is one of the four isomeric first generation hydroxynitrates formed from isoprene reaction with OH under high-NO x conditions. ISOPDNO3 subsequently forms INDOOH due to reaction with OH and the other hydroxynitrates undergo similar reactions to form isomers of INDOOH. The other abundant species was MNNCATCOOH (C 7 H 8 N 2 O 11 , Fig. 6(e) ), which is a third or higher generation product of toluene reaction with OH. MNNCATCOOH showed a very different spatial distribution compared to the biogenic SOA products, with a much broader distribution that is very similar to that of sulfate demonstrated by Li et al. (2013) . This suggests that toluene SOA was formed with sulfate in plumes originating from urban and industrial regions and could be transported over long distances.
Major semi-volatile SOA species
Major semi-volatile products during the day were different from those at night because of changes in emitted VOCs and oxidation pathways. Fig. 7 shows episode-averaged major species contributions to daytime and nighttime semi-volatile SOA based on the total surface concentrations in the domain. The difference in the major species based on surface concentrations and column total concentrations is due to the difference in the vertical distribution of different SOA components, as shown in Fig. 5 , as well as in Figs. S5 and S6. The most abundant SOA species C920PAN was a product of NO 2 and C920CO3, which is a complex C10 acyl peroxy radical generated from a-pinene ozonolysis. It had higher contribution at night due to lower temperature and decreased levels of OH and NO 2 that reduce the net loss of C920CO3. C132OOH, C133CO, C133NO3, BCSOZOOH, BCSOZNO3, C133OOH, C151OOH, and BCALOOH had higher concentrations during the day; all are products of b-caryophyllene oxidation. The significant day vs. night differences of these species are due mainly to the strong diurnal variation of bcaryophyllene emission (Fig. S7(b) ). Concentrations of other species (INDOOH, INB1NO3, and MNNCATCOOH) were slightly higher at night.
O/C, H/C, H/C and OM/OC of SOA
The explicit representation of SOA components can be used to calculate some overall properties of SOA. Episode-averaged O/C, H/ C, N/C and OM/OC values for semi-volatile SOA are shown in Fig. 8(aed) . Assuming (1) the SOA from glyoxal, methylglyoxal and isoprene epoxydiol have molecular composition of C 2 H 2 O 2 , C 3 H 4 O 2 , and C 5 H 10 O 3 , respectively, and (2) the accretion products from semi-volatile SOA have the same molecular composition as the average semi-volatile SOA, these properties were also estimated for the predicted total SOA, as shown in Fig. 8(eeg) . O/C for semivolatile SOA ranged from 0.4 to 0.9 in most areas, and higher O/C values occurred in the northeastern US. When other SOA components were considered, the predicted O/C ratio ranged from 0.6 to 0.8. H/C for semi-volatile SOA ranged from 1.2 to 1.8, and decreased slightly in most areas when other SOA components were considered. N/C for semi-volatile SOA ranges from 0.02 to 0.16 over the entire domain and most areas had N/C ratio higher than 0.1. This is much higher than reported N/C for OOA in the literature (Setyan et al., 2012) . However, when other SOA components were considered, the N/C ratio ranged from 0.01 to 0.03, in better agreement with reported N/C for OOA from AMS measurements. The OM/OC ratio for semi-volatile SOA ranged from 1.8 to 2.6 in most areas. The upper limits are higher than most values of the OM/OC ratio reported in the literature (Aiken et al., 2009; Setyan et al., 2012; Zhang et al., 2005) . OM/OC decreased to 1.9e2.2 when other SOA components were considered. H/C, O/C, N/C and OM/OC values at the Moody Tower for semi-volatile SOA/overall SOA were 1.65/1.63, 0.62/0.67, 0.061/0.013 and 2.03/2.04, respectively. These properties of overall SOA are in good agreement with organic aerosol properties in Mexico City measured by AMS (H/C ¼ 1.47, O/C ¼ 0.60, N/ C ¼ 0.01 and OM/OC ¼ 1.95) (Aiken et al., 2009) . Observed O/C for POA þ SOA at the Moody Tower, assuming O/C ¼ 0.16 for POA (Aiken et al., 2009) , also generally agree with observed O/C, as shown in Fig. 9 . Over-prediction of O/C for sample 4 and 5 (for September 2) is likely due to simultaneous under-prediction of POA and over-predictions of SOA on that day (see Fig. 2 ). Zonal averaged vertical distribution of O/C, H/C and N/C of SOA due to major anthropogenic and biogenic emission precursors are shown in Figs. S4 and S5, respectively.
3.3. Sensitivity of model predictions to selected parameters 3.3.1. Sensitivity to saturation vapor pressure Saturation vapor pressure is a key factor that governs the partitioning of SVOC and therefore SOA formation. However, many of the nitrates and peroxides from VOC oxidation are complex in structure, leading to large uncertainties in the estimated vapor pressure (Compernolle et al., 2010) . Previous SOA modeling studies using MCM reported that saturation vapor pressures needed to be reduced by a factor of 5e500 to better reproduce the observed SOA formation in environmental chambers and in the field Johnson et al., 2004 Johnson et al., , 2006b Johnson et al., , 2005 . However, the sensitivity of p o L estimation in 3D Eulerian models has not been evaluated. The EPI-predicted p o L values used in this study were uniformly reduced by a factor of 100 to study the sensitivity of predicted semi-volatile SOA concentrations to this important parameter. As shown in After scaling SVP for all the SVOCs, oxidation products generated from a-and b-pinene become the dominant components of semivolatile SOA at ground level, based on the total concentration in the domain. The increasing importance of the pinene products presumably reflects that they are formed in higher yield than the bcaryophyllene products but were previously largely present in the gas phase. The b-caryophyllene products were already largely in the SOA phase so their SOA concentration is less sensitive to changes in vapor pressure. This simulation suggests that predicted SOA concentrations are sensitive to the predicted SVP, especially if the predicted SVP values have clear biases in the same direction.
Sensitivity to activity coefficient
To investigate any non-ideality effect on SVOCs partitioning and formation of semi-volatile SOA components, a sensitivity simulation (the UNIFAC case) was conducted by enabling the calculation of activity coefficients using the UNIFAC method described in Section 2.2. When activity coefficients were calculated, predicted total SOA concentration decreases slightly by up to 0.3 mg m À3 in areas where SOA concentrations are the highest. Throughout the domain, the UNIFAC case predicts a decrease of SOA by 2e4%. The biggest impact is on the predicted semi-volatile SOA component, with 5e15% of decrease in most parts of the domain. There is also a similar amount of decrease in the accretion product concentrations 6) 0840e1900 Sep. 5; and (7) 0840e1920 Sep. 7. The predictions are based on hourly predictions that include the sample starting and ending times. The observations (unpublished) were used to calculate the reported O/C in Cleveland et al. (2012) . of 5e10% in the domain. Impacts on glyoxal and methylglyoxal SOA and SOA from epoxydiol are negligible because the activity coefficients for their SOA products are fixed at unity in all simulations. While the relatively insensitive of the predicted SOA to the nonideality of the organic mixture is consistent with previous studies (Bowman and Melton, 2004; Compernolle et al., 2009) , results from this simple sensitivity simulation may not be general; and can be very different if separation of organic phases and partitioning of water molecules to the organic phases were considered.
Conclusions
CMAQ-MCM-SOA with equilibrium partitioning of explicit semivolatile products and additional pathways of SOA formation due to reactive surface uptake of isoprene epoxydiol, glyoxal and methylglyoxal were applied to simulate SOA formation in the eastern US during a two-week episode from August 28 to September 7, 2006. Predicted POA and SOA concentrations and diurnal variations generally agree with AMS measured HOA and OOA at an urban Houston site. In the southeastern US, highest episode-averaged surface SOA concentration is~12 mg m À3 . Isoprene epoxydiol contribute most to the total SOA formation in this region. However, the significance of this process is significantly affected by the acidity of the particles. Glyoxal and methylglyoxal SOA account for more than 35% of total SOA. SOA components from oxidation of bcaryophyllene dominate the semi-volatile SOA but the predicted major semi-volatile SOA components and their concentrations are sensitive to the estimated vapor pressure. Considering the nonideal behavior of one single organic mixture (ignoring phase separation and water molecule partitioning) by applying the UNIFAC calculated activity coefficient leads to approximately 10% change in the predicted semi-volatile SOA.
